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ABSTRACT
We present sensitive, high resolution observations of neutral hydrogen (HI) in the
unusually gas-rich, oval distortion of the Seyfert galaxy NGC4151. The gas dynamics
of the oval are found to be consistent with those of a kinematically weak bar, fully
confirming previous suggestions for the presence of a fat bar, and, for the first time,
individual gaseous features in the bar are spatially resolved. In particular, the two
bright regions close to the leading edges of the bar in NGC4151 exhibit kinematics
strikingly similar to the signature of bar shocks seen in gas-dynamical simulations,
and demonstrate how strong the gaseous response may be even in such a weak bar po-
tential. The residual velocity field, showing deviations from circular motion, is largely
consistent with streaming in a bar potential, and, in addition, clearly shows that inflow
is concentrated in narrow regions originating in the shocks. This inflow may represent
an early stage in the fuelling process of the AGN.
The presence and properties of the shocks in NGC4151 indicate that, in addition
to the x1 orbits, the family of x2 orbits exist and are of significant extent in the bar of
NGC4151, with gas streaming from the shocks making the transition between the two
families. We therefore suggest that the circumnuclear ellipse, identified optically by
previous authors and associated with gas flowing in x2 orbits, has formed as a natural
consequence of the gas flows in the bar without the requirement for a second, inner
bar.
Observations of HI were previously thought to be ill-suited to the study of bar
shocks due to limitations in angular resolution and sensitivity. However, our observa-
tions show that, following recent instrumental enhancements, such measurements are
now feasible, albeit at the limits of instrumental capability.
Key words: galaxies: barred – galaxies: active – galaxies: individual (NGC4151) –
galaxies: kinematics and dynamics – radio lines: atomic
1 INTRODUCTION
Seyfert galaxies are the closest and most common class of
galaxies containing Active Galactic Nuclei (AGN) and, al-
though their active nuclei are relatively weak, they exhibit
many of the properties of their more luminous counterparts,
particularly quasars. As such they represent ideal sites for
the study of the AGN phenomenon and its relationship to
the host galaxy environment, which is difficult to observe in
more distant and powerful AGN.
Observations of the λ21-cm spectral line of neutral hy-
drogen (HI) provide valuable information on gas kinematics
in nearby galaxies, and may allow us to investigate models
for AGN and their hosts on a wide range of scales, from
the outer-most regions, where the gas may be affected by
tidal interactions, down to the circumnuclear regions, where
it may play a role in the fuelling of AGN. In particular,
bars - which are seen in nearly 70% of galaxies when studied
in the near IR (Mulchaey & Regan, 1997)- may be an effi-
cient mechanism for transporting gas from the outer parts
of a galaxy towards the active nucleus, where other trans-
port processes become important (Roberts, Van Albada &
Huntley, 1979; Shlosman, Begelman & Frank, 1990; Larson
1994). Since neutral gas may respond in a highly non-linear
way to even small deviations from axial symmetry, it is an
excellent tracer of the underlying gravitational potential of
a barred galaxy (Teuben et al., 1986), but limitations in an-
gular resolution and sensitivity have, until now, prevented
detailed studies of HI in the bars of AGN hosts.
The ‘fuelling’ of an AGN requires gas from the outer
c© 0000 RAS
2 C.G. Mundell & D.L. Shone
regions of a galaxy to be delivered to its centre with essen-
tially zero angular momentum, in order to form (and refuel)
an accretion disc around a central black hole (Gunn, 1979;
Shlosman et al., 1990). Although controversial, gas stream-
ing in galactic bars may play an important role in the early
stages of this process (Simkin, Su & Schwarz, 1980), with
significant angular momentum loss occurring when two dif-
ferent families of gas orbits meet and form dissipative shocks,
allowing gas to move inward (Prendergast, 1983; Athanas-
soula, 1992a,b). Until now, direct evidence for this has been
difficult to obtain (Lindblad & Jo¨rsater, 1988; Sellwood &
Wilkinson, 1993; Teuben, 1996) since optical studies are re-
stricted by the small amounts of ionised gas in bar shocks
(Lindblad et al., 1996), and detailed studies of more ubiqui-
tous neutral hydrogen in the bars of AGN hosts, and indeed,
normal galaxies, have been limited by inadequate angular
resolution and sensitivity.
Although the physical conditions in the host galaxy of
an AGN may be intimately related to the nuclear activity, to
date there have been relatively few detailed synthesis studies
of HI in AGN hosts. As part of an ongoing project to study
the distribution and kinematics of HI in AGN (Seyferts) we
present here, the highest angular resolution observations of
the neutral hydrogen in the bar of the archetypal Seyfert
galaxy NGC4151, obtained using the VLA in B configura-
tion.
NGC4151 is a well-studied nearby gas-rich spiral galaxy
with a central oval distortion (Bosma, Ekers, Lequeux, 1977)
and a Seyfert 1.5 nucleus (Osterbrock & Koski, 1976). The
oval distortion, identified kinematically in early HI studies
(Bosma et al., 1977, Bosma, 1981) and evident in deep opti-
cal exposures (Arp, 1977) and subsequent HI maps (Pedlar
et al., 1992), is elongated along PA ∼130o and has dimen-
sions of 3.3′ × 2.1′ (12.9 kpc × 8.2 kpc). In this paper, we
establish the oval distortion as a weak, ’fat’ bar and con-
centrate particularly on the gas dynamics in this region; we
relate our study of the gas flows in the bar to models of gas
flows in non-axisymmetric barred potentials. Assuming a he-
liocentric velocity of 998 km s−1, and H0 = 75 km s
−1 Mpc−1
, the distance to NGC4151 is 13.3 Mpc (see also Mundell et
al., 1998), so 1” corresponds to 65pc in the galaxy.
2 OBSERVATIONS AND REDUCTION
Full details of the observations and subsequent data process-
ing techniques (including production of the moment maps)
are presented in Mundell et al. (1998). The data used in this
paper were obtained from a 63-channel, naturally weighted
spectral line data cube which has an angular resolution of
6′′× 5′′, a spectral resolution of 10.3 km s−1 and a greater
sensitivity (lowest detectable column density of 1.32 x 1020
cm−2) than the higher resolution, uniformly weighted cube.
3 RESULTS
3.1 The “Fat” Bar of NGC4151
NGC4151 shares some of the basic characteristics of barred
spirals as summarised by Roberts et al. (1979); for example
the “lack of dominance of the bar in photometric studies”,
which is indeed the case for NGC4151 where the underly-
ing mass distribution is only a mild oval distortion (Bosma
et al., 1977; Arp, 1977); the “sharp bend of the bar into
spiral arms” which is evident in the HI image of NGC4151
(Mundell et al., 1998), and “gas streaming along the bar”
(see Section 3). However, the amount of neutral hydrogen
present in the oval region (central 3.3′ × 2.1′) of NGC4151
is unusually high compared with other early type barred
spirals (e.g. Roberts et al., 1979; Regan et al., 1996).
Optical photometry of the outer spiral structure
(Simkin, 1975) found a major axis position angle of ∼26◦
and an inclination of 21◦. Similarly, Pedlar et al., reported
that the overall HI velocity field of NGC4151 was approxi-
mately consistent with circular rotation and an inclination
of 21◦ for the galaxy; a change in position angle of the line
of nodes in the oval region, however, indicated the presence
of non-circular motions. Their observations also suggested
structure in the oval but were limited by angular resolution
(∼ 17′′ × 22′′) and the strong central absorption feature.
They detected regions of high HI concentration (NH ∼1.5
× 1021 cm−2) in the north-west and south-east regions of
the bar which appeared to be small spiral arms, with their
concave edges facing toward the major axis of the bar (see
Section 3.2).
3.1.1 Establishing the Central Oval Distortion as a Bar
If a uniform circular disc is viewed at some inclination, i, to
the line of sight it appears as an ‘oval’, with a semi-major
axis, a, and semi-minor axis of (b = a cos i). If the disc is
rotating, the tilting of the disc will result in an observed
radial velocity field where the zero velocity (or line of con-
stant/systemic velocity or kinematic minor axis) lies along
the spatial minor axis, b.
In NGC4151, the central region is also oval but the
iso-velocity contours are very different compared to those
expected from an inclined circularly rotating disc. The iso-
velocity contours are elongated along the oval, indicating
the presence of significant deviations from circular motion.
Prendergast (1983) points out that, in barred galaxies, the
gas response leads the bar and so the larger the angle be-
tween the gas (or kinematic) major axis and the bar (spatial)
major axis, the weaker the bar. For NGC4151, assuming the
bar lies in the plane of the galaxy and taking the average
PA of the line of nodes in the bar to be 28◦ (Mundell et al.,
1998), this angle is ∼72◦, (i.e., the kinematic major axis lies
almost on the spatial minor axis), indicating that the bar is
kinematically weak, as may be expected from its oval shape.
3.2 Shocks in the Bar
The weak, fat bar in NGC4151 possesses two small regions
of enhanced emission which lie in the NW and SE corners
of the bar (Figure 1). These two bright regions are short,
curved and offset from the major axis of the bar, i.e. they
lie towards the leading edges of the bar and are associated
with the small strings of HII regions (Perez-Fournon & Wil-
son, 1990) which are visible as ”ansae” in optical images
of the bar. They closely resemble structures simulated by
Athanassoula (1992b), who carried out a detailed theoreti-
cal study of the properties of periodic orbits in a wide range
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. (a) HI emission from the bar in NGC4151. The shock regions are indicated and the position of the slit (A – B) from which
the spectrum was extracted is marked; (b) The change in velocity along the length of the slit (shown in (a)). Note the sharp jump in
velocity (marked ↓) which corresponds to the bright emission region in the NW shock; (c) Schematic from simulations of gas flows in
bars by Athanassoula (1992b) showing the gas flowing in from the x1 orbits down to the smaller, lower energy, x2 orbits. The long-slit
position is marked, placed across the shock region in the simulations; (d) The corresponding predicted velocity profile along the long-slit
(shown in (c)) derived from simulations (Athanassoula, 1992b). Note the predicted velocity jump across the shock (marked ↓), similar
to the observed feature in NGC4151 (b).
of barred galaxy model potentials, in order to reproduce and
explain the morphologies and kinematics of gas observed in
barred galaxies.
In particular, she applies her simulations to strongly
barred galaxies exhibiting dust lanes (such as NGC1300 and
6782) and also examines the behaviour of gas in weak, oval
bars. Leading dust lanes in bars are typical of early to inter-
mediate Hubble type barred spirals, and are especially char-
acteristic of type SBb (Sandage 1961; Sandage and Bedke
1994). Prendergast (1962, unpublished - Sellwood & Wilkin-
son, 1993) associated these dust lanes with shocks in the
gas flows and subsequently some circumstantial evidence has
been discovered to support this idea. For example some dust
lanes are particularly prominent in radio continuum obser-
vations because the shocks are regions of compressed gas,
dust, magnetic fields and high energy particles - an environ-
ment ripe for the production of radio continuum emission
(Ondrechen & van der Hulst, 1983; Ondrechen, 1985). In
fact, large scale (kpc) extended radio continuum emission
has been detected in NGC4151 (Baum et al., 1993). At λ21-
cm this weak extended continuum shows some correspon-
dence with the bright HI emission arcs, although Baum et
al. (1993) suggest a starburst-driven superwind for its origin.
A simple and direct way to determine whether shocks
are present in the gas in NGC4151 is to measure the veloc-
ity field across each arc and look for the predicted velocity
jumps that are characteristic of shocks in galactic (bar) gas.
Unfortunately, previous optical studies of the bar have failed
c© 0000 RAS, MNRAS 000, 000–000
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to reveal evidence for shocks; B-I colour maps (Vila-Vilaro
et al., 1995) show only a circumnuclear dust ring on scales
much smaller (only 11”× 18”) than the HI shocks. In addi-
tion, detailed long-slit spectroscopy of the small string of HII
regions, observed towards each end of the bar, have shown
that the ionised gas is typical of HII regions photoionised by
young star clusters (Schulz, 1985); although the kinematics
of the ionised gas show both inward and outward radial mo-
tions of ∼20 km s−1 in addition to a circular component,
these are thought to be merely a natural consequence of
gas flow in elliptical orbits (Schultz, 1985). Neutral hydro-
gen, however, should be ideal for this type of measurement
but until now has proved useless due to limitations in an-
gular resolution and sensitivity. Since the concentration of
HI in the bar of NGC4151 is high, especially in the shock
regions, the high resolution of our new HI observations per-
mit detailed investigation of the gas kinematics in the bar of
NGC4151, making it is possible to search for these velocity
jumps that are characteristic of shocks in the neutral gas.
We examined emission from the HI cube along the
equivalent of a 6′′-wide slit, at several locations and orienta-
tions, across the length of each emission arc. When the slit
is positioned perpendicular to the emission arc and across
its brightest peak (Figure 1) the maximum velocity jump is
seen, and an example of this for the NW arc is shown in
Figure 1. Similarly oriented slits centred at different posi-
tions along both arcs showed a similar velocity structure.
These observations bear a striking resemblance to the theo-
retical predictions of gas behaviour in a weak barred poten-
tial (Athanassoula, 1992b), also shown in Figure 1, in which
the maximum velocity jump in the simulated data is also
found when the slit is perpendicular to the shock. It should
be noted that the simulations are for a general weak bar and
were not intended to simulate the conditions in NGC4151;
consequently the similarity between observation and theory
seems even more striking.
3.2.1 Inflow Along the Shocks
The iso-velocity contour maps (“spider diagrams”) often em-
ployed to display velocity fields reveal deviations from cir-
cular motion, but are often inadequate for distinguishing
between the radial component of motion in a barred poten-
tial and true inflow due to loss of angular momentum in
shocks. Therefore, in order to investigate the bar kinematics
in NGC4151 more thoroughly, we removed a circular rota-
tional component (as derived in Mundell et al., 1998) from
the observed velocity field to produce the residual velocity
field shown in Figure 2(a). Deviations from circular motion
are expected for non-circular orbits in an ellipsoidal bar po-
tential, with equal amounts of inflow and outflow. However,
the shock regions are strikingly apparent in this image, dis-
playing strong deviation from the local bar field. Assuming
that the large-scale spiral arms are trailing, implying clock-
wise rotation of NGC4151, the galactic disc is tilted such
that the north-west half of the disc is furthest from us. The
bar is thought to lie in the plane of the galactic disc, and so
the motion of gas in the shocks corresponds to inflow along
the bar.
For comparison, we have produced a simple model for
the velocity field of a bar which is qualitatively similar to
that in NGC4151 observed at the same orientation. The
model, produced using the NEMO (Teuben, 1985) stellar
dynamics toolbox contains particles only, so that it is in-
dicative of orbits in a barred potential, but does not show
more complex gas dynamical effects such as shocks. The dis-
tinction between the behaviour of gas and stars is important;
since stars do not behave as a fluid, stellar orbits may cross,
whereas crowding of gas streamlines corresponding to these
orbits may lead to non-linear phenomena such as shocks.
The residual velocity field produced by our simulation is in-
tended to show the deviations from circular motion expected
for the elliptical stellar orbits of a barred potential (Figure
2(b)). These deviations appear as inflow and outflow, but
there is no net flow either way in this non-dissipative model.
Thus it should be noted that observations of streaming mo-
tions in galactic bars do not necessarily imply net inflow;
these may simply be the radial components of non-circular
motion expected in a non-axisymmetric bar potential.
Sophisticated simulations which do include gas dynam-
ical effects have been conducted by several authors (e.g.
Sanders & Tubbs, 1980; Van Albada & Roberts, 1981;
Schwarz, 1981, 1984; Combes & Gerin, 1985; Athanas-
soula, 1992a,b; Sellwood & Wilkinson, 1993, and references
therein) to explain features, such as shocks, in barred galax-
ies in terms of the interaction between various families of
periodic orbits in the bar. The existence of such orbits then
allow various physical parameters of the bar, such as the
presence of possible resonances, to be inferred.
4 DISCUSSION
4.1 Periodic Orbit Families, Shocks and
Resonances
There exist a large number of studies of orbits in bar poten-
tials (Contopoulos & Grosbøl, 1989 and references therein),
although not all orbit patterns produced in simulations are
relevant to the structure of real bars (Sellwood & Wilkin-
son, 1993). The two main families of periodic orbits (using
the notation of Contopoulos & Papayannopoulos, 1980) are
the x1 and x2 families. The x1 family are elongated along
the bar major axis and support the bar, while the x2 are
elongated perpendicular to the bar. The x3 family are also
perpendicular to the bar but are more elongated than the
x2 family and are unstable (Sellwood & Wilkinson, 1993).
The presence and properties of the different orbit fam-
ilies depend on the existence and location of resonances
within the bar. The x1 orbits exist within the co-rotation
radius (CR). If no inner Lindblad resonance (ILR) exists
then no other families exist and the bar is populated by x1
orbits only. If one or more ILRs exist in the bar then x2
orbits are present and lie within the first (outermost) ILR;
if there are two ILRs the x2 orbits lie between the two ILRs
(Athanassoula, 1992a, Shaw et al., 1993). The angular ve-
locity of the bar, the global mass distribution and the degree
of central concentration, in turn, determine the possible ex-
istence and locations of resonances in the bar (Teuben et
al., 1986). For example, fast rotating bars with low central
mass concentrations have no ILRs (Shaw et al., 1993).
Our understanding of gas flows in barred potentials
has been significantly increased by such theoretical stud-
ies of orbit families and detailed numerical simulations, but
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. (a) The residual velocity field of the bar in NGC4151, with the circular component of motion removed; (b) Residual velocity
field, after subtraction of fitted circular motion (in the same manner as for Fig. 2.a), for NEMO N-body simulation of 20,000 particles
in barred potential, viewed in the same orientation as NGC4151. The potential is chosen to be qualitatively similar to NGC4151. Both
images are colour coded to represent streaming motions which deviate from circular motion (white); red-tinted regions are receding faster
than circular motion about the systemic velocity, blue regions are slower than systemic. Thus, given the orientation of NGC4151, the
red-shifted region originating in the south-eastern shock and the blue shifted counterpart in the north-west indicate inflow.
direct observations of predicted phenomena, in particular
kinematic signatures, provide valuable verification of such
theories.
As described in Section 3.2.1, stars do not behave as
a fluid so stellar orbits may cross, whereas the crowding
of gas streamlines corresponding to these orbits may lead
to non-linear phenomena such as shocks. Shocks associated
with the crowding of streamlines may be produced when
x1 orbits, alone, are present in a bar, but only when the
bar potential is strong (e.g., straight, narrow dust lanes bi-
secting a galaxy). However, Athanssoula (1992b) has shown
that in order for the shock loci to be short, curved and off-
set from the bar major axis, as in NGC4151, the family of
x2 orbits must also exist and be of large extent. This oc-
curs when the bar potential is weak, has a low quadrupole
moment, a high central concentration and a pattern speed
such that the co-rotation radius lies in the range 1.2±0.1a
(a is the semi-major axis of the bar). The x1 orbits also
have high curvatures near their apocentres in the regions in
which the shocks occur in order for the shock loci to form
along the leading edge of the weak bar. The shape of the
shocks can then be explained by a gradual shift in the ori-
entation of the flow lines from along the bar (x1 orbits) to
perpendicular to the bar. Angular momentum is dissipated
in the shock region and the gas then quickly settles onto
smaller, lower energy, x2 orbits, closer to the nucleus. Our
observations of the shocks in NGC4151 provide compelling
evidence for the presence of these two orbit families in the
bar, with gas streaming from the shock regions making the
transition between the two families. In fact, recent optical
studies (Vila-Vilaro, et al., 1995; Asif et al., 1998) have found
evidence for the presence of a circumnuclear ellipse of dust
and gas (11′′ × 18′′), elongated perpendicular to the bar.
Such a ring is thought to form as a result of gas flowing in
x2 orbits (Shlosman, 1996), interior to the outer ILR, and
in fact, each of the inner ends of the inflow we observe lie
close to the ends of the major axis of this ellipse, providing
clear evidence for such a transition. The circumnuclear el-
lipse in NGC4151 may therefore have formed as a natural
consequence of the non-linear gas dynamics in the bar and
does not require the existence of an inner stellar bar. This
is consistent with the results of IR studies in which no inner
bar is detected down to the central 3” (Alonso-Herrero, et
al., 1998).
4.2 Bar Evolution, Inflow and Fuelling the AGN
In a non-axisymmetric barred potential, gas flow has a com-
plicated structure, with regions of both outflow and inflow
(Athanassoula, 1995). If there are no shocks in the bar, the
gas follows quasi-elliptical orbits and there is only a small
net inflow due to viscosity. If, however, shocks are present,
the gas changes direction and moves inwards at high speeds
after hitting the shock. The average inflow velocity however
is only a few km s−1 despite local inflow velocities as high
as 100 km s−1 (Athanassoula, 1992b). It is thought that it
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is also easier for gas to flow into the centre when no ILRs
are present.
Simulations have also shown that two categories of in-
flow occur depending on the stage of evolution of the bar;
high inflow rates occur during the bar formation stage and
much smaller inflow rates occur once the bar reaches a quasi-
steady state (Athanassoula, 1994).
When the bar first begins to form, no central concen-
tration or ILRs are present. Gas inflow at this early stage
is very efficient and gas is pushed towards the centre. As
time passes, the central mass builds up and the bar pat-
tern speed decreases leading to the formation of ILRs and
the quasi-steady-state with smaller inflow rates. This type
of negative feedback loop would seems rather unpromising
for the prospect of fuelling an AGN. However, the presence
of ILRs, central concentration, and slow pattern speed leads
to the formation of leading edge shocks which in turn cause
inflow, albeit at a smaller rate than the initial bar forma-
tion stage. The streaming velocities observed in NGC4151
of up to 40 km s−1 are consistent with those predicted by
simulations (Athanassoula, 1992b).
This less dramatic type of fuelling mechanism may in
fact be ideal for Seyferts. Statistical evidence shows that
strongly interacting galaxies and highly disturbed systems
do not show an excess of Seyfert activity (Bushouse, 1986).
This suggests that Seyfert activity is strongly related to the
host galaxy properties and that nuclear activity may be
the result of the galaxy responding coherently with well-
structured features to non-axisymmetric perturbations of
the potential rather than due to major disruption (Moles,
Marquez & Perez, 1995).
5 CONCLUSIONS
Spectral imaging of HI in NGC4151 has shown that the cen-
tral oval distortion exhibits the kinematic characteristics of
a weak bar, and in addition, bright regions close to the lead-
ing edges show sharp changes in the velocity field strikingly
similar to shocks in gas-dynamical simulations by Athanas-
soula. This implies the presence of both the x1 and x2 orbit
families, since the offset shocks in weak bars are due to con-
vergence of orbital streamlines from the two families.
The residual velocity field shows streaming consistent
with a weak bar potential, but with gas inflow clearly di-
rected along narrow channels originating in the shocks and
leading to the inner dusty ellipse seen optically by Vila-
Vilaro et al. We identify this ellipse with the lower energy
x2 orbits, and suggest that it has formed as a consequence
of the gas flows in the bar, without the requirement for a
second, inner bar. The inflow along the bar may represent
an early stage in the fuelling of the AGN.
These HI observations of NGC4151 demonstrate that
it is now possible to study the detailed kinematics of gas
closer to the nuclear regions than has hitherto been thought
possible, and confirm long-standing theoretical predictions
of gas inflow in bars. Further such studies of bars in nearby
active and normal galaxies, and comparison with detailed
simulations may provide the opportunity to fully understand
this potentially important stage of the nuclear fuelling chain.
6 ACKNOWLEDGEMENTS
We thank Alan Pedlar, Lia Athanassoula and Elias Brinks
for helpful discussions. We are grateful to the referee, Pro-
fessor Ron Buta, for helpful comments which improved an
earlier draft of this paper. CGM acknowledges a research
studentship and research fellowship from the U.K. Particle
Physics and Astronomy Research Council (PPARC).
REFERENCES
Alonso-Herrero, A., Simpson, C., Ward, M.J. & Wilson, A.S.,
1998, ApJ, 495, 196
Arp, H., 1977, ApJ, 281, 70
Asif, M.W., Mundell, C.G., Pedlar, A., Unger, S.W., Robinson,
A., Vila-Vilaro, B., Lewis, J.R., 1998, A&A, 333, 466
Athanassoula, E., 1992a, MNRAS, 259, 328
Athanassoula, E., 1992b, MNRAS, 259, 345
Athanassoula, E., 1994, ed. I. Shlosman, in “Mass-Transfer In-
duced Activity in Galaxies”, CUP, p143
Athanassoula, E., 1995, ed. I. Appenzellar, Highlights of Astron-
omy, IAU, Vol. 10, 547
Baum, S.A., O’Dea, C.P., Dallacassa, D., De Bruyn, A.G. & Ped-
lar, A., 1993, ApJ, 419, 553
Bosma, A., Ekers, R.D. & Lequeux, J., 1977, A&A, 57, 97
Bosma, A., 1981, AJ, 86, 1825
Bushouse, H.A., 1986, AJ, 91, 255
Combes, F. & Gerin, M., 1985, A&A, 150, 327
Contopoulos, G. & Papayannopoulos, T., 1980, A&A, 92, 33
Contopoulos, G. & Grosbøl, P., 1989, A&ARv, 1, 261
Gunn, J.E., 1979, in “Active Galactic Nuclei”, eds. Hazard, C. &
Mitton, S., CUP, p213
Larson, R.B., 1994, In “Mass-Transfer Induced Activity in Galax-
ies”, ed. I. Shlosman, CUP, p489
Lindblad, P.O. & Jo¨rsater, S., 1988, in “Palous, J., ed., Evolution
of Galaxies”, Czech. Acad. Sciences, p. 289
Lindblad, P.O., Hjelm, M., Ho¨gbom, J., Jo¨rsater, S., Lindblad,
P.A.B. & Santos-LLeo, M., 1996, A&AS, 120, 403
Moles, M., Marquez, I. & Perez, E., 1995, ApJ, 438, 604
Mulchaey, J.S. & Regan, M.W., 1997, ApJ, 482, L135
Mundell, C.G., Pedlar, A., Shone, D.L. & Robinson, A., 1998,
MNRAS, in press
Ondrechen, M.P. & van der Hulst, J.M., 1983, ApJ, 269, L47
Ondrechen, M.P., 1985, AJ, 90, 1474
Osterbrock, D.E. & Koski, A.T., 1976, MNRAS, 176, 61p
Pedlar, A., Howley, P., Axon, D.J., Unger, S.W., 1992, MNRAS,
259, 369
Perez-Fournon, I. & Wilson, A.S., 1990, ApJ, 356, 456
Prendergast, K.H., 1983, IAU Symp. 100, p215
Regan, M.W., Teuben, P.J., Vogel, S.N., van der Hulst, T., 1996,
AJ, 112, 2549
Roberts, W.W., Van Albada, G.D. & Huntley, J.M., 1979, ApJ,
233, 67
Sandage, A., 1961, The Hubble Atlas of Galaxies
Sandage, A. & Bedke, K., The Carnegie Atlas of Galaxies
Sanders, R.H. & Tubbs, A.D., 1980, A&A, 235, 803
Schulz, H., 1985, A&A, 143, 29
Schwarz, M.P., 1981, ApJ, 247, 77
Schwarz, M.P., 1984, MNRAS, 209, 93
Sellwood, J.A. & Wilkinson, A., 1993, Rep. Prog. Phys., 56, 173
Shaw, M.A., Combes, F., Axon, D.J. & Wright, G.S., 1993, A&A,
273, 31
Shlosman, I., Begelman, M.C. & Frank, J., 1990, Nature, 345, 679
Shlosman, I., 1996, in “Barred Galaxies & Circumnuclear Activ-
ity”, ed. Sandqvist, Aa. & Lindblad, P.O., Nobel Symposium
98, p141
c© 0000 RAS, MNRAS 000, 000–000
HI Streaming Shocks in NGC4151 7
Simkin, S.M., 1975, ApJ, 200, 567
Simkin, S.M., Su, H.J. & Schwarz, M.P., 1980, ApJ, 237, 404
Teuben, P.J., 1985, The Stellar Dynamics Toolbox NEMO, in
“Astronomical Data Analysis Software and Systems IV”, ed.
R. Shaw, H.E. Payne and J.J.E. Hayes, PASP Conf Series 77,
p398.
Teuben, P.J., Sanders, R.H., Atherton, P.D. & Van Albada, G.D.,
1986, MNRAS, 221, 1
Teuben, P.J., 1996, in “Barred Galaxies, IAU Colloquium 157, eds
Buta, R., Crocker, D.A. & Elmegreen, B.G., ASP Conference
Series Vol. 91, 299
Van Albada, G.D. & Roberts, W.W., 1981, ApJ, 246, 740
Van Albada, T.S., & Sanders, R.H., 1982, MNRAS, 201, 303
Vila-Vilaro, B., Robinson, A., Perez, E., Axon, D.J., Baum, S.A.,
Gonzalez-Delgado, R.M., Pedlar, A., Perez-Fournon, I., Perry,
J.J., Tadhunter, C.N., 1995, A&A, 302, 58
c© 0000 RAS, MNRAS 000, 000–000
